The diurnal cycle of clouds over the western equatorial Pacific region (15ЊS-15ЊN, 130ЊE-180Њ) is studied analyzing hourly GMS-4 infrared brightness temperature images during the intensive observation period (Nov 1992-Feb 1993 of TOGA COARE. Although the area studied is essentially (93%) oceanic, differences of diurnal behavior of the clouds are noticed over different ocean subareas, depending both on the general circulation conditions and on the vicinity of landmasses. This study focuses on the effects of New Guinea and other major islands on the diurnal cycle within the surrounding ocean areas, as for example, the TOGA COARE Intensive Flux Array. The major observable feature of the influence of land is the presence of a diurnal, rather than semidiurnal, average cycle of cloudiness with a high day-to-day repetitivity. The signal is observed up to 600 km off the coast of New Guinea and it is characterized by a variable phase propagating at an average speed of about 15 m s Ϫ1 . For smaller islands, the effect extends over a distance approximately comparable to their size. The genesis of the propagating cloud systems is assumed as due to the low-level convergence between the largescale flow and a possible land breeze. This conceptual model has been previously proposed to explain a similar signal observed offshore of Borneo. Within this framework, the influence of the large-scale circulation on the intensity and spatial organization of the propagating cloud systems is discussed. The diurnal signal vanishes when the expected convergence is weaker or when overshadowed by large-scale disturbances crossing over the considered area. In the first 3 months of the period such disturbances are nearly always cloud clusters accompanying the active phase of the Madden-Julian oscillation. Finally it is shown that the small islands in the TOGA COARE domain can corrupt the ''oceanic'' signal by as much as 10% of the diurnal cycle.
Introduction
The specific issue of the diurnal cycle of clouds in the Tropical Ocean Global Atmosphere Coupled OceanAtmosphere Response Experiment (TOGA COARE; Webster and Lukas 1992) area during the intensive observation period (IOP; Nov 1992 -Feb 1993 has been addressed by several authors making full advantage of the richness of data made available by this experiment (Chen et al. 1996; Chen and Houze 1997; Sui et al. 1997) . In particular, time series of hourly infrared (IR) images taken by the broadband radiometer onboard the fourth Geostationary Meteorological Satellite (GMS-4) provided a considerable amount of useful information on daily variability of the cloudiness.
The specific results obtained for the TOGA COARE IOP add an important contribution to the description of the diurnal behavior of cloud and precipitation over the tropical oceans and of its spatial variability. Nevertheless, the debate on the physical mechanisms generating it is still open. Such knowledge is particularly important within the framework of the recent efforts to better represent the diurnal cycles of clouds and precipitation in general circulation models (Randall et al. 1991; Bergman 1997) . Currently five candidate physical mechanisms are considered as potentially responsible for causing cloud diurnal/semidiurnal variations over the oceans:
R Direct radiation-convection interactions. During the day, atmospheric absorption of solar radiation in the upper portion of already established convective clouds heats their tops, thus stabilizing the upper levels. Conversely, the longwave cooling at night is dominant and destabilizes the top of the cloud, which enhancies its convective growth (Kraus 1963) . R Radiation-dynamics-convection interactions. Daynight differences in atmospheric radiative heating have a vertical profile in the cloudy, convectively active region, and a different profile in neighboring clear regions (Gray and Jacobson 1977) . As a result, the cloudy region experiences cooling relative to its clear surroundings during the day, and warming at night. These radiative effects induce day-night differences in vertical motions.
L I B E R T I E T A L .
R Diurnal cycle of sea surface temperature (SST). Under clear skies and light wind conditions, the sea surface layer affected by mixing may be reduced to as little as 1 m (Halpern and Reed 1976; Stramma et al. 1986 ). Consequently, the surface temperature rises slowly to reach a late afternoon maximum that is followed by a rapid drop at night. When these conditions occur, the sea surface behaves similarly to a soil in facilitating the development of clouds. R Thermodynamic. Owing to a cumulus ensemble model, Tao et al. (1996) show that the large-scale radiative cooling induces an increase in the relative humidity at night which is responsible for enhanced surface precipitation in the case of a midlatitude and a tropical mesoscale system. Consistently, Sui et al. (1997) relate the radiative heating/cooling destabilization mechanism responsable for nocturnal convective events to increased available precipitable water at night (and not to cloud radiative forcing) over the TOGA COARE region. The maximum of available precipitable water is linked to the temperature diurnal cycle and the nocturnal convection is shown to occur preferentially when more abundant moisture is supplied by the large-scale circulation. R Remote influence of continents. Similar to the mechanisms generating sea breezes, day-night differences in atmospheric heating over continents drive largescale motion systems that extend over (or propagate to) the neighboring oceans where day-night differences are smaller (Silva Dias et al. 1987 ).
Studies on the TOGA COARE area (Chen et al. 1996; Chen and Houze 1997; Sui et al. 1997 ) have considered mostly the first four of the mechanisms described above. In this study, we focus on the influence of landmasses, including relatively small islands, on the diurnal behavior of clouds over the western tropical Pacific during the TOGA COARE IOP.
The influence of land on the diurnal cycle of oceanic clouds in terms of large-scale vertical motion disturbances generated by continents has been observed by several authors. Reed and Jaffe (1981) observe a phase opposition between the diurnal cycle of cloudiness in West Africa and the one in the facing eastern Atlantic. They recognize the existence of a link between the convective activity over land and in the offshore region. Minnis and Harrison (1984b) describe the diurnal cycle of cloudiness in South America and in the closer eastern Pacific region. Desbois et al. (1989) observe an apparently propagating diurnal cycle over the Guinea Gulf area in phase opposition to the cloud diurnal cycle over land.
The influence of land on the diurnal cycle of oceanic clouds in terms of large-scale vertical motion disturbances generated by continents has been modeled on a large scale (e.g., Silva Dias et al. 1987) .
However, the oceanic regions with the most pronounced diurnal/semidiurnal signal from convective clouds appear from global analysis (e.g., Janowiak et al. 1994; Hendon and Woodberry 1993; Short and Wallace 1980) as localized in the area surrounding the Maritime Continent, including the western Pacific. Such an area is better characterized by the presence of several large islands rather than a large continental area. Houze et al. (1981) observe an extremely regular diurnal cycle of convection off the coast of northern Borneo associated with the sea-breeze circulation. In their study and a companion paper (Johnson and Priegnitz 1981) , the mutual influence between subsynoptic seabreeze circulation and the large-scale monsoon is investigated. Murakami (1983) discusses the regional variations of the diurnal cycle over the Maritime Continent and speculates on the role of the land-sea circulation to explain the phase opposition observed in the diurnal cycle of clouds above the land and above the ocean adjacent to the land.
In a preliminary study of the diurnal cycle of clouds in the TOGA COARE region, Liberti and Desbois (1995) observed some evidences of the influence of land on the diurnal behavior of cloudiness over the ocean. Over the same area, Chen et al. (1996) and successively Chen and Houze (1997) , for their analysis of the diurnal cycle of clouds over ocean, defined their study domain in order to avoid the observed influences of large islands.
This study focuses on the effects of New Guinea and other major islands on the diurnal cycle within the surrounding ocean areas, as for example, the TOGA COARE Intensive Flux Array (IFA). The study is based on the analyses of the time series of hourly IR images taken by the broadband radiometer on board GMS-4. In addition we use corresponding European Centre for Medium-Range Weather Forecasts (ECMWF) wind fields in order to investigate the role of synoptic circulation in the observed features.
Section 2 contains the description of the datasets used in this study. Section 3 presents and comments on the general features observed in the image-derived products. Section 4 focuses on the influence of land on the diurnal cycle of clouds. Observations are discussed and an attempt to fit the offland propagating diurnal signal with an analytical expression is presented. A tentative mechanism is proposed to explain the genesis and the propagation of the diurnal signal. The role of the largescale circulation is also discussed. Section 5 contains a simple test to evaluate the effect of introducing relatively small islands in datasets representative for the oceans. Conclusions are given in section 6.
Dataset description
This study is mostly based on the analysis of cloud variability, as inferred from hourly brightness temperature images derived from GMS-4 broadband IR window channel observation. The description of the synoptic circulation is instead derived from the 3D wind
fields issued from the ECMWF reanalyses (Gibson et al. 1997) .
The GMS-4 data used in the study are extracted from the dataset distributed by the Meteorological Research Institute of Japan (MRI 1993) . This dataset contains hourly brightness temperature images for the whole TOGA COARE IOP (1 Nov 1992 -28 Feb 1993 covering the area from 130ЊE to 180Њ and from 15ЊS to 15ЊN. Brightness temperature images sampled from original resolution of 5 km ϫ 5 km are gridded into a 0.1Њ ϫ 0.1Њ grid (approximately 11 km ϫ 11 km, hereafter referred as pixels). The radiometric resolution of the images is 1 K.
The MRI dataset is characterized by an excellent sampling: 119 images out of a total of 120 IOP days for most of the hours. However, serious data gaps occur between 1300 and 1500 UTC, as well as between 0100 and 0500 UTC. The occurrence of the satellite eclipse geometry at the end of the IOP (Feb 1993 ) is responsible for the missed images between 1300 and 1500 UTC. Missed images within 0100-0500 UTC are distributed quite uniformly during the IOP. The dataset also contains 28 images for which the southern (Ͻ2ЊN) portions of the images are missing. In that case, only the meaningful data were included in the analysis. The majority (24) of the half-missed images occurred at 0300 UTC during November 1992. As it appeared in the succesive analyses, data gaps not only reduce the statistical significance of the results, but they may introduce systematic biases in some of the results if distributed nonuniformly during the studied period.
In fact, the study period is sufficiently long to contain a seasonal transition that appears as the southward migration of the intertropical convergence zone (ITCZ). Such a transition appears incorrectly sampled due to the fact that at 0300 UTC almost no data are available for the southern (Ͻ2ЊN) portion of the area during the month of November 1992. This month was characterized by relatively warm brightness temperature values compared to the rest of the IOP, especially over the land areas (Chen et al. 1996) . Therefore, where data are missed during this period, the average value will appear as cold biased.
In order to prevent this effect, the missing observations are replaced in some of the analyses by the linear interpolation in time of the unbiased neighbors.
The parameter analyzed is the brightness temperature (T b ) in the 10-12-m infrared atmospheric window. The analysis relies on the hypothesis that diurnal variations of brightness temperatures are mainly a function of cloud variables (cloud-top temperature, cloud emissivity, cloud cover) as the clear sky water vapor and/or the surface temperature diurnal cycle cannot explain the average nor the amplitude of the observed signal ( Fig.  8 in Sui et al. 1997) . Over ocean, the SST values over the study area range from 300 to 303 K with a maximum observed diurnal cycle, over the IFA, of about 4 K (UCAR 1993). By contrast the observed signal is generally lower than 285 K and it has a diurnal amplitude between 2 and 12 K. Over land, the diurnal cycle of the surface temperature is responsible for larger daily variations of the brightness temperature. As the average brightness temperature over landmasses (except Australia) is generally lower than 270 K, with a diurnal amplitude of the order of 20 K, it is legitimate to interpret the daily variability of the measured brightness temperature as due mostly to the cloud activity. The interpretation of brightness temperature variations purely in terms of cloud becomes more questionable only over the very high mountains in New Guinea.
Compared to similar studies we use the brightness temperature value to infer information on cloudiness rather than the occurence of temperature colder than a given threshold value. In this way we move the main source of signal from the deep convection to the radiative effect.
Nevertheless we are aware of the fact than when analyzing brightness temperatures obtained by averaging over a certain period, a given value may result, for example, from the persistent occurrence of relatively warm clouds as well as from the occasional occurrence of very cold clouds. To take this into account, hourly maps of occurrence of pixels colder than a set of four temperature thresholds have also been produced and used in the interpretation of the results.
The thresholds selected are 208 K, used by Mapes and Houze (1993) because it approximated quite well the radar echo patterns observed in mature oceanic mesoscale convective systems during the Equatorial Mesoscale Experiment; 235 K, as for the Global Precipitation Index of Arkin and Meisner (1987) ; 253 K, used in some IR-based algorithms (e.g., Adler and Negri 1988) as the warmest brightness temperature for which a cloud is supposed to precipitate; and 273 K, as an index of the presence/absence of a cloud.
The 3D wind fields as issued from the ECMWF reanalyis (Gibson et al. 1997 ) are used to describe the largescale circulation over the area. Wind fields are given on a regular 1.125Њ ϫ 1.125Њ grid at 17 standard pressure levels (1000, 925, 850, 775, 700, 600, 500, 400, 300, 200, 250, 150, 100, 70, 50, 30, 10 hPa) . The ECMWF analysis provides the wind fields at four synoptc times (0000, 0600, 1200, 1800 UTC); however, the diurnal information has been found to be poorly reliable by several authors (Dai and Deser 1999; Gutzler and Hartten 1995) . This prevents their use for inferring information about the diurnal cycle of the winds. Figure 1 shows the map of the average brightness temperature (͗T͘) computed over the whole dataset. Over ocean, the lowest average brightness temperature values are due to the cloudiness in the ITCZ and in the L I B E R T I E T A L .
Data analyses a. General features
FIG. 1. Average brightness temperature (K) computed over the whole TOGA COARE intensive observation period (1 Nov 1992 -28 Feb 1993 . Over land dashed isolines are plotted for every 1000 m of topography. Fig. 1 but for the standard deviation (K) of the average brightness temperature.
FIG. 2. As in
South Pacific convergence zone (SPCZ), in the eastern portion of the study area. Low (Ͻ272 K) ͗T͘ values are also found over land and in coastal areas indicating the high occurence of cloud activity. Over ocean, the factors influencing the T b values, other than clouds (i.e., the SST and the total water vapor content) account for very low variability in the total T b signal. Over land, the surface temperature is subject to larger variation mostly due to the diurnal cycle, but still low compared with the variability in the T b signal due to cloud activity. Under such an assumption, the T b signal may be considered as the sum of a constant background signal modulated principally by the cloud variability. In order to characterize the nature of such cloud variability we show, in Fig. 2 , the map of the standard deviation, tot [Eq. (1)], of the brightness temperature Although an overall correlation between low average and large standard deviations values is observed, a qualitative comparison of the patterns in Figs. 1 and 2 reveals some interesting features. 1) Although the SPCZ and the ITCZ seem comparables in terms of average T b values, the latter shows a lower variability compared with the SPCZ. This indicates a persistent cloud field in the ITCZ while the SPCZ was subject to intense cloud systems followed by clear periods. 2) Over New Guinea the patterns of low standard deviations are well correlated with the topography of the island occuring over both the central ridge and also over the mountain ridge of reduced height in the northern coast of the island. 3) Of major interest, from the point of view of our study, is the signature characteristic of strong variability of cloud activity in the ocean areas surrounding the land surface. In particular, in correspondance of bays and gulfs.
b. Analysis of the high-frequency variability
We notice that the standard deviation computed over the whole dataset holds information on both diurnal and other frequencies variability. That is, a high value of the overall standard deviation may be due to the daily occurrence of a moderate diurnal cycle as well as the episodic occurrence of intense events. Even though a very episodic occurrence may be relevant, as in the case of precipitation (Janowiak et al. 1994) , regular diurnal occurrence of clouds is also important to evaluate, as the radiative impact of any cloud over the ocean is high, given the albedo difference between clouds and ocean. Saunders (1985) introduces the concept of a ''coherent'' diurnal cycle (i.e., a given signal occurring daily) and defines an index (used also in Schmetz and Liu 1988) based on the ratio between the diurnal amplitude of the average diurnal cycle and the average of the diurnal amplitudes for each day of the study period. Susskind et al. (1987) show an example of a map of repetitivity of the diurnal signal. We observe that the regular occurrence of a repetitive diurnal signal will produce, at a fixed time, approximately the same brightness temperature value. In such a case, the standard deviation computed for data at a fixed UTC hour, h [Eq. (2)], will be smaller, as well as the average of the hourly standard deviations, ͗ h ͘:
On the other hand, the episodic occurrence will produce hourly standard deviations of the same order as the overall one, tot . On such a basis, we compute for each pixel the difference,
between the overall standard deviation ( tot ) and the average of hourly standard deviations, (͗ h ͘). Figure 3 shows the map of ␦ . Such a representation indicates where the contribution is due to the regular daily occurrence of a specific signal, that is, the areas where ␦ is significantly greater than 0 K. A strong daily occurrence of the signal is observed only over land and in some ocean areas near the coast of New Guinea. The absence of any significant feature over the open ocean brings evidence of the episodic nature of a cloud diurnal cycle, if any. This is consistent with the physical mechanisms discussed in the introduction, especially, the direct radiation-convection and radiation-dynamics-convection interactions, which can occurs only over preexisting cloud systems. The amplitude of the diurnal variation, defined as the difference between maximum and minimum average hourly temperature, is plotted in Fig. 4 . Interesting features in Fig. 4 are 1) large (Ͼ20 K) amplitude over landmasses, except over the central mountain ridge of New Guinea, where a relative minimum of amplitude is observed; 2) local minima of amplitude over some coastal areas, as for example on the north coast of New Guinea or south of the coast of the New Britain Island (east of New Guinea); such features are not present in the map of the average temperature (Fig. 1) , where these areas appear to be relatively cold, which indicates persisting clouds; 3) decreasing amplitude off the coast of the main islands, except that such a decrease feature is less evident in the Arafura Sea (between New Guinea and Australia), which is under the combined influence of two landmasses; and 5) over the open ocean, no evidence is found of a spatial organization of the diurnal amplitude pattern, except in the trade wind region in the northern (Ͼ10ЊN) portion of the image, where the amplitude is reduced to 2 K.
Hourly maps of the difference between hourly and overall average brightness temperature are shown in Fig.  5 . The most striking feature is the diurnal cycle over New Guinea. The maximum temperature is observed at 0100 UTC (approximatively 1000 LST) while the minimum is 12 h later around 1300-1400 UTC (approximatively 2200-2300 LST). However, the cloud cycle is not uniform over the whole island but it is rather modulated by the orography. The earliest cold clouds develop from about 1000 LST over the highest mountains and the coastal areas. This can be attributed to a combined effect of orographic forcing and sea-breeze effects. Then, the remaining land areas are progressively ''invaded'' by the cold cloud areas. From the frequency of occurrence maps (not shown), it appears that the low (Ͻ208 K) temperatures occur over the regions between FIG. 3. Map of the difference (K) between overall standard variation of the brightness temperature (Fig. 2 ) and the average of hourly standard variations. Also plotted, over ocean, isolines of distance (step ϭ 100 km) from the main land (the Philippines are not considered) up to 1000 km. the central mountain ridge and the coasts, with the maximum occurrence of low (Ͻ208 K) temperature being observed at 2000 LST. This cycle is highly repetitive, as it occurs for more than 80% of the days analyzed.
Because no equivalent mountain range is present over Australia the cloud development appears to move inland from the coast as expected for sea-breeze generated clouds (breeze front). The variability is higher and the cloud occurrence lower compared to New Guinea, which indicates higher intraperiod variability.
Over the sea, features are less marked except off the northern coast of New Guinea. There, a clear diurnal
Hourly maps of the difference (K) between hourly temperature averages (computed over the whole dataset) and overall average temperature. Maps read left to right and top to bottom, from 0000 to 2300 UTC.
cycle is observed that is characterized by a phase opposite to that in New Guinea. Clouds start to develop offshore of the northern coast of New Guinea from 1700 UTC (0200 LST), at the same time when the land clouds decay rapidly. In particular between 0000 and 0400 UTC (0900 and 1300 LST), the cold area appears to be propagating in the direction roughly perpendicular to the coastline. A similar, but less evident, offcoast ''propagation'' of a signal is observed around the coasts of most of the major islands. The effective occurrence of the propagation is confirmed by the analysis of the 24-h sequence of hourly IR images for individual days. As an example, Fig. 6 shows the progressive cloud displacement from land to open ocean for a 24-h image sequence starting at 1100 UTC on 13 November 1992. The day has been chosen as the day having the lowest absolute value of anomaly supposed to be representative of the average behavior (see section 4c). In addition to the cloud displacement from land to open ocean, the coldest clouds appear to be organized in a line roughly perpendicular to the coast. The visualization of the whole series of images shows that the cloudiness that produces the diurnal signal is not systematically organized. However there is some evidence that an organization in lines 45Њ-60Њ to the coastline (as in the above example) appears preferably at the beginning of the period while, at the end of the period, the coldest clouds are preferably organized in lines parallel to the coast.
Over the open ocean, the signal is more noisy, but an alternation of a period with a majority of cold (red) pixels (0300-1900 UTC) followed by a majority of warm (green) pixels is clearly seen.
Characterization of the land-induced diurnal signal offshore of the coast
In the previous section we observed that the ocean areas close to the coast are characterized by an intense cloud activity. Such activity is mostly due to the diurnal cycle with a high repetitivity and an offcoast propagation. This section attempts to characterize the signal as well as describe the links with the synoptic circulation.
a. Influence of the landmasses on the offshore diurnal
cycle of clouds Figure 7 shows latitudinal sections obtained by plotting, for a fixed longitude, the data of each of the 24 hourly average temperature images. Such sections have been computed for nine longitudes, from 135ЊE to 175ЊE every 5Њ; in order to enhance the periodic signals and their propagation two 24-h cycles are presented. In correspondence of 0300 UTC, relatively colder temperatures appear in the southern part of the longitudinal sections. These discontinuities are due to the lack of data for 0300 UTC during the month of November, as discussed in section 2. The presence of periodic diurnal or semidiurnal signals is revealed by the structured sequences of cold and warm patterns along the x-axis direction (time). Land areas are once again characterized by the marked presence of a diurnal cycle. Propagating systems can be seen from the shift of the features observed along the y axis. Such propagation appears almost systematically in the vicinity of coastlines. The propagation offcoast is associated with a decrease in amplitude as already observed in Fig. 5 . North of New Guinea, the speed of propagation (⌬lat/⌬t) decreases from west to east. Similar sections at constant latitude (not shown) reveal similar, although less intense, propagation patterns.
Relatively small islands also influence the diurnal variation over the surrounding ocean. For example, in the section at 155ЊE, off the coast of Bouganville Island (5.5Њ-6.7ЊS), two temperature minima appear: one stationary and corresponding to the local afternoon maximum of cloudiness and the other propagating in a similar way to that observed off the coast of larger islands.
In relatively large (200-500 km) ocean portions bounded by land, signals generated from opposite shores converge over the sea and produce upward motion. Noonan and Smith (1986) have already discussed the origin of the cloud line in northern Australia in terms of a collision of the east and west sea breezes. The particular shape of the average temperature minimum observed in the Gulf of Carpenteria (Fig. 1) probably originates due to the interaction over the sea of different land-generated signals. The sections of Fig. 7 show us some evidence of such a phenomenon.
In the Arafura Sea (section at 135ЊE), two land-generated signals come, respectively, from New Guinea and Australia, and intersect at about 8ЊS. At 150ЊE, where the distance between the two landmasses is smaller, it appears that the cloud/no-cloud signal propagating northward from the eastern end of New Guinea (10ЊS) inhibits the southward propagation of the signal from Bismarck Island.
Over the ocean, either one or two temperature minima are observed. In general, they appear as stationary in time except for some cases of early morning temperature minima. Near the ITCZ, at approximately 3ЊN, in the 160ЊE section, a southward propagation of the signal is observed for the second temperature minimum (approximately 1800 UTC/0400 LST). A possible explanation is that the early morning temperature minimum is due to the diurnal modulation of large active cloud systems that are associated with intense wind responsible for their advection (Chen et al. 1996) . On the contrary, the occurrence of the afternoon cloud maximum requires an increase of the SST and of the boundary layer temperature that is associated with very weak wind conditions.
b. Statistical characteristics of the propagating systems
In the previous sections we observed in detail the land-forced diurnal cycle of the cloud activity offshore of New Guinea. In the following we propose a statistical description of the observed signal.
In Fig. 7 , the section along 140ЊE illustrates the transition, north of New Guinea, from the diurnal signal forced by the land and propagating northward and the semidiurnal signal characteristic of the open ocean. Between these two regimes an area of relatively low cloud activity extends approximately from the equator to 2ЊN, which appears as a continuation of the divergence zone, but still has a northward propagation of the cloud/nocloud transition.
To better document this transition, a 1Њ longitude wide area between 143Њ and 144ЊE bounded on the south at 6ЊS and on the north by 1000-km distance from the coast (ഠ8ЊN see Fig. 3 ) has been selected. Pixels in this area were separated into 12 regions defined as follows: two land areas, below and above the 1000-m elevation, and 10 ocean areas separated by their distance to the coast, each 100 km (i.e., 0-100 km, 100-200 km, etc.).
The regions have approximately the same area containing from 105 to 116 pixels except for the lowland (Ͻ1000 m) class that has 157 pixels. For each region, the hourly average temperature is computed and is reported in Fig. 8 . The curves substantiate the discussion in the previous sections.
R The existence of a diurnal cycle, more or less pronounced, for most of the regions. R The land signal is the clearest in the mountain class.
The lowland signal, although very clear, results from the mixing of interior inside land and coastal regions that do not have the same time behavior, due to breeze effects. For these reasons, we use the highland signal as a reference for the land behavior. R The amplitude of the diurnal cycle over land is larger than the amplitude over ocean, where the amplitude decreases as the distance from the coast increases. R The closer ocean areas (Ͻ400 km) have a diurnal cycle in phase opposition to the land cycle. R The average value of the temperature over water increases with distance (there are less clouds). R Up to 700 km, the behavior of the curves is a single cycle, whereas for larger distances from land the signal is less strong and has a semidiurnal cycle.
The observed offshore propagation of the phase and amplitude of the diurnal cycle signal can be approximately fitted with the simple form
[ ]
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where a and A represent, respectively, the phase and the amplitude, which depend on the distance (d, in km) from the coast. Only the periodic signal is tentatively fitted, and the average brightness temperature value has been removed. Table 1 lists the amplitude and phase values where the latter is computed by maximizing the linear correlation coefficient between the simple cosine function and the observed brightness temperatures. The value of the best fit correlation coefficient is also reported.
VOLUME 129 M O N T H L Y W E A T H E R R E V I E
The phase shift of approximately 2 h, when passing from one ocean region to the successive one, corresponds to an approximate phase propagation speed of 15 m s Ϫ1 . The dependence of the phase from the distance is expressed as
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The signal amplitude decreases exponentially with distance from the land. Characterizing the land classes by a distance value of Ϫ100 and 0 km, respectively, for the highlands and lowlands and the ocean classes by their maximum distance, we obtain a fit (r ϭ 0.963) of the form
For distances greater than 700 km from land, the fit against a simple cosine function [Eq. (4)] is no longer significant, as the signal becomes clearly semidiurnal. The semidiurnal oscillation is independent from the distance from land. A simple semidiurnal function of the form LST Ϫ 9 cos 2
12 fits the cloud diurnal signal as for the majority of the open ocean regions. This semidiurnal function is similar to that at the equator for the sea level pressure due to the atmospheric tides (Haurwitz and Cowley 1973) .
c. Interaction between large-scale circulation and offshore-induced effect
A preliminary analysis of image animation (cf. section 4a) showed the effective occurrence of a propagating cloud system offshore; however, it also shows an intraperiod variability both in its occurrence and its spatial organization. In this section we attempt to document the links between the large-scale circulation and the cloud signal as well as to clarify the genesis and the maturation of the propagating system.
1) LARGE-SCALE CIRCULATION
In the following we examine the possible interactions between the large-scale circulation and the offshore propagation effect: (i) the mean large-scale circulation is described, owing to the ECMWF wind analysis at 850 and 200hPa; (ii) in order to typify the characteristics of the circulation, anomalous days with respect to the occurrence of the diurnal cycle are identified for a particular region and the corresponding circulation is described; and (iii) the intraperiod variability of the spatial wind is represented by a vector that would be 1Њ in length on the map. organization of the propagating clouds is tentatively linked with the wind shear. Figure 9a shows the mean 850-hPa wind field computed as the average of the daily winds over the whole IOP, as obtained from ECMWF reanalyses. The average 850-hPa winds are mostly easterlies north of the equator and westerlies south of the equator. A cross-equatorial flow appears between 130Њ and 150ЊE. On average, although intraperiod migration occurs, the meteorological equator is located in the ocean area north of New Guinea. The 850-hPa winds are mostly tangent to the coast with an increasing intensity from west to east. At 200 hPa (see, e.g., Fig. 2 of Chen et al. 1996) winds are essentially easterlies; in particular, over New Guinea, they are oriented approximately 180Њ opposite from 850-hPa ones.
We now focus on the behavior of the particular region (pixel) located at 0Њ, 140ЊE. It is in the ocean about 100-200 km from the coast of New Guinea and exhibits a well-defined propagating diurnal cycle. In order to identify the anomalous days with respect to the occurrence of the diurnal cycle, a brightness temperature anomaly is computed from the time series of the single pixel brightness temperatures as follows:
where ͗T(h)͘ and (h) are, respectively, the average brightness temperature value and the corresponding standard deviation [Eq. (2)], computed over the whole period, at time h (UTC). We normalized for the standard deviation to emphasize significant anomalies. The time series of this anomaly over the whole period is plotted in Fig. 10 . Negative (positive) anomalies mean a day with enhanced (suppressed) cloudiness compared with the average. Note that both anomalies act to suppress the diurnal signal. As an example, Fig. 11 shows the time series of the brightness temperature for two particular days corresponding to a negative and a positive anomaly; the mean cycle over the whole period is also plotted. We identify extreme situations for the location 0Њ, 140ЊE, by selecting from the time series of the T b anomaly the 10 most negative/positive. The two horizontal dashed lines in Fig. 10 correspond to the threshold values used to select the two series of 10 days. The selected days are distributed quite uniformly during the IOP, and generally positive and negative anomalies alternate. During the first 3 months of the IOP, negative (positive) anomalies are often associated with the active (suppressed) phase of the intraseasonal oscillation (ISO; Chen et al. 1996) in the vicinity of New Guinea. This can be read from Table 2 where the phases of the ISO in the vicinity of New Guinea estimated from Fig. 8 of Chen et al. (1996) are reported as a function of the brightness temperature anomalies.
The large-scale disturbances overshadow the diurnal signal. In February as the ISO cloud ensembles shifted to south of the equator in agreement with the seasonal cycle, the relationship becomes less clear.
We compute, from the wind fields of the days of each selected extreme situation, the average wind circulation. The mean state (Fig. 9b) of the 10 days with the most negative anomaly (i.e., increased cloudiness) shows quite different patterns with respect to the average situation. In particular, the days corresponding to an increased (decreased) cloudiness show intensified (decreased) westerlies along the coast and offshore New Guinea [ Fig. 9b (Fig. 9c)] , and a cyclonic circulation appears offshore of New Guinea (2ЊN, 146ЊE, in Fig.  9b ). The vertical profiles of wind (Fig. 12) show that enhanced cloudiness appears when low-level winds bring humidity to New Guinea. It appears also that decreased cloudiness is associated with weaker meridional low-level wind near the coast (Fig. 9c) . LeMone et al. (1998) evidenced the role of the environmental shear in the organization of the mesoscale convective systems during TOGA COARE owing to local soundings. As already mentioned (cf. section 3b), we observed an intraperiod variability of the spatial organization of the cloud system propagating from New Guinea. In order to investigate such variability, the low-(1000-850 hPa) and mid-(850-400 hPa) level environmental wind shear has been also analyzed in the vicinity of the northern coast of New Guinea. One observes generally strong [greater than 1.25 m s Ϫ1 (100 hPa) Ϫ1 ] midlevel shear in conjunction with moderate to strong (greater than 2 m s Ϫ1 (100 hPa) Ϫ1 ] low-level shear. Both shears are generally parallel to the northern coast of New Guinea but in opposite directions; they show little diurnal variability. The observed structure of the clouds responsible for the diurnal signal cannot be explained by any change in the direction or in the amplitude of the large-scale shear.
2) SOME ELEMENTS OF THE LIFE CYCLE OF THE PROPAGATING CLOUD SIGNAL Houze et al. (1981) observed a similar offshore propagating cloud systems in the vicinity of north Borneo and evidenced the role of the synoptic-scale circulation in modulating the occurrence and the characteristics of such cloud systems. They propose a conceptual model for the development and the decay of the offshore cloud system based on the convergence between the land/sea breeze and both the large-scale circulation and the downdrafts of the convective systems once the convection is triggered.
FIG. 12. Section (100-1000 hPa) of wind along 140ЊE from 15ЊN to 15ЊS: (a) averaged over all IOP days, (b) averaged over 10 days with larger negative temperature anomaly (see text), and (c) averaged over 10 days with larger positive temperature anomaly. Wind vectors are scaled as in Fig. 9 .
As in the Borneo case, after midnight, the triggering of the convection is made possible over sea where the diurnal land breeze meets the large-scale low-level flow. The weak meridional low-level wind observed near the New Guinea coast for the 10 days with the most positive anomaly [ Fig. 9c, section 4c(1) ] is evidence by default of the probability of such a behavior: there is no triggering of the offshore cloud system, when the largescale circulation is divergent with respect to a possible land breeze.
When the sea breeze begins, around noon, the lowlevel convergence breaks down, and no more convective cells are formed; the propagating signal is observed between (0900 and 1300 LST).
No evidence of a land/sea breeze is detected in the ECMWF reanalysis. However, Gutzler and Hartten (1995) analyzed the lower-tropospheric winds (between 0 and 6 km) in the TOGA COARE region during the IOP. At Manus (2ЊS, 147ЊE) , the meridional component of the wind exhibits a strong diurnal cycle in the lowest 3 km. The low-level winds are onshore (with respect to New Guinea) from 1800 to 0200 LST. This corresponds to the period during which clouds occur mainly over land (the minimum brightness temperature occurs around 2200-2300 LST). They are offshore from 0800 to 1600 LST. This is roughly in phase with the time of the offshore propagating cloud systems (0900-1300 LST) while lasting longer. Due to the paucity of the data it is inevitable that ideas relating to the genesis of the offshore New Guinea cloud system are speculative. The offshore winds observed at Manus may then be the signature of a convective inflow boundary spreading at gravity wave speed (Bretherton and Smolarkiewicz 1989) . Gutzler and Hartten (1995) , proposed this mechanism to explain the diurnal signal observed at Manus, however they relate it to the convection over New Guinea, while it seems more likely related to the convection propagating offshore from New Guinea. Houze et al. (1981) attributed the translation of the offshore Borneo cloud system to advection of the stratiform part of the convective sytems from the uppertropospheric wind. In our case, such a steering level cannot be found in the wind fields; the 200-hPa wind field is essentially parallel to the northern coast of New Guinea. However, as in the large-scale cloud cluster case, the genesis of new convective cells could be due to low-level convergence between the land breeze and both the the large-scale flow and the unsaturated downdrafts driven by the precipitation. In place of the older convective cells a zone of inhibition appears due to the evaporative cooling, prohibiting any new convective triggering. One can imagine that the morphology of the system is such that new triggering is allowed only at a leading edge. This could explain the propagation of the signal observed in a satellite image.
More precise investigation of the synoptic conditions that either allow or do not allow the occurrence of the cloud diurnal cycle would require sounding data to describe more precisely the circulation and radar observations in order to determine the dynamic active region of the cloud system. Unfortunately such data are not available in this region; moreover, the ECMWF analysis may be unreliable in the TOGA COARE domain as it was not successful in describing the meridional component flow (Nuret and Chong 1994) . Cloud-resolving
13. Brightness temperature hourly averages (left scale), during the IOP, computed over the whole area, 10ЊN-10ЊS, 152ЊE-180Њ (thin solid line); for land-coastline pixels within the area, 10ЊN-10ЊS, 152ЊE-180Њ (thin dotted line), and for ocean pixels within a distance of less than 100 km from larger islands (thin dashed-dotted line). Relative differences (%) between the diurnal cycle computed over the whole area and the diurnal cycle computed: i) over the whole area minus the land and coastal pixels (epsilon 1), ii) over the whole area minus the land and coast and ocean pixels at a distance less than 100 km from larger islands (epsilon 2). Differences are normalized with the amplitude of the whole area diurnal cycle (thick lines, right y-axis scale).
model simulations may also help in clarifying the processes but are out of the scope of the present study.
3) INFLUENCE OF THE PROPAGATING CLOUD SYSTEM ON THE LARGE-SCALE CIRCULATION
Conversely, from the high repetitivity of offshore New Guinea propagating cloud systems and its spatial extention it is reasonable to expect that the phenomenon affects the large-scale circulation. Johnson and Preignitz (1981) and Chen et al. (1996) gave evidence of the effect of land on weakening the large-scale convective disturbances.
Between the ITCZ and the oceanic region offshore of the northern coast of New Guinea, we observe a region of low cloud activity, as well as an apparent deformation of the western end of the ITCZ that appears to be moved to the north with respect to its average position east of 155ЊE. Such a region, identified by relatively warm (ഠ275 K) ͗T͘ values ( Fig. 1 ) and low (ഠ23 K) variance (Fig. 2) , is located around 2Њ-3ЊN, which corresponds to a distance of approximately 700-800 km from New Guinea. At such a distance, the observed signal can be assumed to be the sum of a semidiurnal [Eq. (7)] and of a diurnal signal [Eq. (4)] with a phase value a(d) ϭ 14-15 as obtained by extrapolating the results of Table 1 . Due to the fact that the frequencies of the two signals have a ratio of ½, no phase combination will cancel the resulting signal. Nevertheless, a relative minimum of the amplitude will be obtained for a phase difference between the two signals of n* f Ј/2 (n ϭ 0, 1, 2, . . .) where f Ј is the higher-frequency value. Strikingly, this is the case at the distance of 700-800 km. From these remarks it can be speculated that the land-sea circulation near north coast of New Guinea affects the large-scale circulation by ''pushing'' the ITC away from the land.
Impact of minor islands on the ''oceanic'' cloud diurnal cycle
In this section, the impact of relatively small islands in the study of the diurnal cycle over the oceans is estimated. In order to avoid the obvious effect of large islands, we consider the same domain as the one considered by Chen et. al. (1996) and successively Chen and Houze (1997) : 10ЊN-10ЊS, 152ЊE-180Њ. As a first approximation, we consider the whole area as representative of oceanic conditions. Figure 13 shows the diurnal cycle of the brightness temperature, averaged over the IOP period for the whole area (all). The diurnal cycle has a low amplitude (about 2 K) and is semidiurnal as expected over open ocean.
Using a sea-land mask, we successively identify the land-coastline pixels within the area. These pixels represent about 1% of the whole area. We compute the brightness temperature average diurnal cycle (thin dotted line referenced as land Fig. 13; as expected, the curve shows the typical characteristics of the diurnal cycle over land: morning maximum and afternoon minimum of brightness temperature, relatively large amplitude (10 K) with respect to the one observed over open ocean but smaller than what is observed over a large landmass. Similarly, we selected ocean pixels within 100 km from the islands (we do not consider atolls), which represent about 6% of the whole area. The average brightness temperature diurnal cycle is reported in Fig. 13 as the ''ocean-near'' curve. Contrary to what has been observed offshore of New Guinea, no phase opposition with the diurnal cycle observed over land appears: most of the selected pixels are within the perimeter formed by the Solomon Islands (Fig. 3 ) and behave as a large island rather than oceanic regions (Fig.  5) . However, when looking at the coasts facing the open ocean, a propagating signal similar to the one discussed concerning New Guinea is seen ( Fig. 7 ; sections at 155Њ and 160ЊE).
According to these results, even though the nonocean areas represent less that 1% of the total area, due to the high day-to-day repetitivity of the diurnal signal compared to the episodic occurrence of clouds over the open ocean, a sensible effect of the small islands on the characteristics of the diurnal cycle over the whole area is expected. In order to evaluate this effect, we compute again the diurnal cycle of the brightness temperatures for the whole area when the land-coastline pixels are eliminated (case 1) and the surrounding ocean pixels within 100 km of the coastlines are eliminated in addition to the land-coastline pixels (case 2). Figure 13 shows the differences ⑀ 1 and ⑀ 2 for the two cases in terms of percentage of the diurnal cycle nor-
malized for the amplitude of the whole area diurnal cycle.
Normalized differences between average brightness temperatures (⑀ j ) can be as much as 10% of the amplitude of the diurnal cycle. When considering all oceanic pixels (⑀ 1 ), the relative differences do not exceed the absolute value of 2% and they remain positive (i.e., the whole area is warmer than the oceanic pixels) during most of the day and become negative in the local afternoon. This can be interpreted as due to the strong diurnal cycle signal of clouds and surface temperature over land (thin dashed line). When considering only oceanic pixels relatively far from land areas (⑀ 2 ), the whole area is constantly warmer than the selected oceanic set while the amplitude of the diurnal cycle is reduced for the latter. When eliminating islands and adjacent sea areas from the selected area, the remaining area contains mostly the western end of both the intertropical and the South Pacific convergence zones. Such regions are characterized by very cold, on average, brightness temperatures while their diurnal cycle amplitude is relatively small. The diurnal heating of the land surface increases the error if the quantity analyzed is the average brightness temperature rather than the occurrence of temperatures colder than a given threshold. However, if we consider the average occurrence, during the IOP, of pixel temperatures colder than 235 K (208 K), the error defined as above represents still more than 5% (4%) of the total diurnal cycle amplitude.
Conclusions
The diurnal cycle of cloud cover over the tropical oceans has been investigated by several authors (e.g., Short and Wallace 1980; Minnis and Harrison 1984a, c; Susskind et al. 1987; Meisner and Arkin 1987; Inoue 1996) . Cloud diurnal cycle can also be inferred indirectly from the studies investigating the diurnal cycle of precipitation (for a review see Janowiak et al. 1994) or of outgoing longwave radiation (e.g., Duvel and Kandel 1985; Schmetz and Liu 1988; Cheruy et al. 1991) . In particular, the TOGA COARE-related studies (Chen et al. 1996; Chen and Houze 1997; Sui et al. 1997) using the richness of the dataset available for such an experiment added a significant contribution to the observational description of such phenomenon.
Among the important evidence that emerge from several studies (Houze et al. 1981, Johnson and Priegnitz 1981; Murakami 1983 ) is the effect of subcontinental landmasses especially on the Maritime Continent area.
In this study, we focused on the impact of relative large islands on the cloud diurnal variations over ocean in the western equatorial Pacific. Cloud variability is studied by analyzing a 4-month time series of hourly brightness temperature as obtained from top of atmosphere radiances measured with a broadband IR window radiometer on board the GMS satellite. Emphasis in previous studies using similar data has been given to the diurnal cycle of cold convective clouds by using the occurrence of brightness temperature colder than a given threshold value as a variable to be analyzed. Indeed, convective clouds are related to precipitation and important latent heat release. In addition, some of the mechanisms generating diurnal variability of clouds over oceans are expected to be of interest concerning mostly deep convective clouds. Nevertheless, given the albedo difference between clouds and ocean, the radiative impact of any cloud over the ocean is high. In addition, land-sea-breeze-generated clouds may not be deep convective ones. For such reasons we inferred information on the cloud variability directly from brightness temperature. This implies the assumption that, over ocean, the bulk of the daily brightness variability temperature is mostly due to changes of cloud characteristics (cloud cover, cloud height, emissivity).
The analysis of the general characteristics of the cloudiness and its diurnal variability over the whole area confirmed the evidences of a singular (compared to the open ocean one) behavior in the oceanic areas surrounding the major islands. The most striking features are the diurnal (rather than semidiurnal) cycle, the varying phase that corresponds to an effective propagation accompained by a decrease in amplitude, and the relatively high repetitivity compared to the ''occasional one'' as expected from the physical mechanisms.
This study also contains a statistical fit of the main ''propagating'' signal observed off the northern coast of New Guinea that led to the following conclusions: the speed of propagation is approximately 15 m s Ϫ1 and its amplitude decreases, roughly exponentially, with the distance from land up to about 600 km from the coast.
Despite the relatively high day-to-day repetitivity of the signal, an intraperiod variability, both in its spatial organization and its occurrence, is observed that is tentatively related to the large-scale circulation. The conclusions partially support the conceptual model proposed by Houze et al. (1981) for the offshore propagating cloud system they observed in the vicinity of Borneo. The trigger and the decay of the cloud system can be governed by the low-level convergence between the land-sea breeze and both the large-scale circulation and the downdrafts of the convective systems once the convection is triggered: the offshore propagating cloud systems disappear when the meridional component of the large-scale circulation is too weak to create enough convergence with the land breeze (if any). They also dissapear when large-scale disturbances, such as those associated with the active phase of the Madden-Julian oscillation, cross over New Guinea. Conversely, the high day-to-day repetition of the signal and its spatial extention makes it possible that it affects, in return, the large-scale circulation by pushing the ITCZ away from New Guinea, as is observed from the mean and the standard deviation of the brightness temperature field.
Finally we evaluate, for this dataset, the relative error that occurred when including relatively small islands VOLUME 129 M O N T H L Y W E A T H E R R E V I E W (1% of the total area) and surrounding (Ͻ100 km) ocean areas in a dataset representative of an oceanic region. We evaluate such error as 2% and 10%. The impact is due to the large amplitude and the high day-to-day repetition of the land-induced diurnal cloudiness. Due to the weakness of diurnal oceanic signal and to the importance to evidentiate different phases in order to interpret in terms of physical mechanisms, we recommend eliminating even small islands for studies concerning only open ocean cloud diurnal cycles.
The non-negligible influence of the land over offshore cloud diurnal cycles may be a local result due to the specific characteristics of the study area and in particular of New Guinea: its complex topography, its vegetation, and the large-scale circulation patterns. However, in the frame of the current effort of the climate modeling community to introduce more detailed cloud diurnal cycles, as well as within the satellite earth radiation budget community to implement current diurnal cycle models, it seems necessary to evaluate the influence of land over other oceanic regions of the globe in order to evaluate the effective need to introduce it in cloud diurnal cycle models.
